Aberrant signaling through G-protein coupled receptors promotes metastasis, the major cause of breast cancer death. We identified regulator of G-protein signaling 4 (RGS4) as a novel suppressor of breast cancer migration and invasion, important steps of metastatic cascades. By blocking signals initiated through G i -coupled receptors, such as proteaseactivated receptor 1 and CXC chemokine receptor 4, RGS4 disrupted Rac1-dependent lamellipodia formation, a key step involved in cancer migration and invasion. RGS4 has GTPaseactivating protein (GAP) activity, which inhibits G-protein coupled receptor signaling by deactivating G-proteins. An RGS4 GAP-deficient mutant failed to inhibit migration and invasion of breast cancer cells in both in vitro assays and a mouse xenograft model. Interestingly, both established breast cancer cell lines and human breast cancer specimens showed that the highest levels of RGS4 protein were expressed in normal breast epithelia and that RGS4 down-regulation by proteasome degradation is an index of breast cancer invasiveness. Proteasome blockade increased endogenous RGS4 protein to levels that markedly inhibit breast cancer cell migration and invasion, which was reversed by an RGS4-targeted short hairpin RNA. Our findings point to the existence of a mechanism for posttranslational regulation of RGS4 function, which may have important implications for the acquisition of a metastatic phenotype by breast cancer cells. Preventing degradation of RGS4 protein should attenuate aberrant signal inputs from multiple G i -coupled receptors, thereby retarding the spread of breast cancer cells and making them targets for surgery, radiation, and immune treatment.
Introduction
Breast cancer remains the second largest killer of women by cancer (1) . Patients who cannot be cured are those in whom breast cancer has metastasized, which refers to the migration and invasion of breast cancer cells to other organs such as lung and bone. Evidence indicates that chemoattractants such as chemokines, growth factors, and matrix metalloproteases are important in breast cancer migration and invasion during metastasis (2) .
These ligands bind to membrane receptors on cancer cells, including G-protein coupled receptors (GPCR; ref. 3 ) and receptor tyrosine kinases (RTK; refs. 4, 5) , thereby activating signaling pathways that regulate actin cytoskeleton dynamics, critical to breast cancer metastasis (6, 7) . Knowledge of activation mechanisms and signaling pathways controlled by RTKs has allowed the development of target-specific drugs and new therapies for breast cancer (8) . In contrast, knowledge of the GPCR-dependent signaling pathways involved in acquisition of migratory and invasive abilities by breast cancer cells lags far behind, which presents a continuing therapeutic challenge.
Evidence from preclinical and clinical studies shows excessive activation of GPCRs in breast cancer due to overexpression of receptors (3) and/or abnormally elevated ligands for GPCRs (9) (10) (11) . Signals initiated by various activated GPCRs, including proteaseactivated receptor 1 (PAR1) and CXC chemokine receptor 4 (CXCR4), drive breast cancer cells to migrate and invade through surrounding tissues and spread to target organs (3) . Despite the potential importance of GPCRs in breast cancer metastasis, there have been few clinical trials of drugs directly inhibiting GPCRs in breast cancer treatment. The strategy of inhibiting a single GPCR is limited, in part, because breast cancer metastasis could be driven by several different GPCRs simultaneously, thereby having metastatic signal redundancy. Thus, identifying molecules responsible for regulating signals initiated by many GPCRs could be an effective, alternative strategy for breast cancer treatment.
The regulator of G-protein signaling (RGS) family of proteins modulates GPCR-mediated responses in cells (12) . About 30 mammalian RGS proteins have been identified (13) . All share a conserved RGS domain with GTPase-activating protein (GAP) activity that profoundly inhibits downstream consequences of GPCR activation by increasing the rate of signal-terminating GTP hydrolysis of G-proteins (13) . Dysfunction of RGS proteins has been reported in various human diseases (14) (15) (16) . There have been a few studies implicating RGS regulation of GPCR signaling in metastatic cancer cells (17) (18) (19) and we recently reported that down-regulation of RGS2 facilitates prostate cancer progression (20) . However, the pathophysiologic roles of RGS proteins in cancer metastasis remain uncertain.
The initial purpose of this study was to determine whether RGS proteins play a role in regulating breast cancer migration and invasion, important steps of cancer metastasis. We found that RGS4, but not a RGS4 GAP-deficient mutant or other RGS proteins, inhibited breast cancer metastatic abilities in vitro and in an orthotopic xenograft mouse model, suggesting that RGS4 is a suppressor of breast cancer metastasis. We therefore investigated the underlying mechanisms by examining signaling pathways regulated by RGS4. RGS4 attenuated signaling initiated by multiple G i -coupled receptors, which inhibited Rac1-dependent lamellipodia formation, a key structure for cancer cell migration and invasion (21) . More importantly, our data suggest that proteasome degradation of RGS4 protein promotes breast cancer cell migration and invasion.
Materials and Methods
Cells and reagents. MDA-MB-231 and MDA-MB-436 were from the American Type Culture Collection (ATCC) and cultured in DMEM, 10% fetal bovine serum (FBS). MCF-7 cells (ATCC) were cultured in IMEM, 10% FBS, and 10 Ag/mL insulin. MCF-10A cells (ATCC) were grown in MEBM with additives (ATCC).
Cell-permeable C3 transferase and F-actin visualization kit (Cytoskeleton); NSC23766, MG132, PSI, and chloroquine (Calbiochem); epidermal growth factor (EGF) and fibronectin (BD Biosciences); CXCL12 (R&D Systems); BMS-200261 and TFLLR (Peptides International); SCH79797 (Tocris); cycloheximide (Sigma); rabbit anti-PAR1 antibody (Santa Cruz Biotechnology); and monoclonal anti-hemagglutinin (HA) antibody (Covance). Rabbit anti-RGS4 and anti-Ga q antibodies were gifts from Susanne Mumby and Paul Sternweis (University of Texas Southwestern Medical Center), respectively. RGS4 GAP-deficient N128A mutant was generated from pcDNA3.1-RGS4 (gift from John Hepler, Emory University) with Stratagene QuikChange mutagenesis kit. Plasmids encoding other HAtagged RGS proteins were described previously (20) . Recombinant untagged RGS4 protein was purified from Escherichia coli cells (22) .
Quantitative real-time PCR analysis. Primers and procedures for quantitative real-time PCR of the RGS4 gene were described previously (20) . h-Actin was the internal control.
Immunohistochemistry analysis of human breast tissues. Formalinfixed, paraffin-embedded blocks were collected from breast cancer patients by the Creighton University Department of Pathology, approved by the Creighton University Institutional Review Board. Immunohistochemistry was performed using standard techniques. Negative controls in each experiment used anti-RGS4 antibody preblocked by purified RGS4 protein. Rac and Rho activation assays. Active Rac or Rho was assayed using the Rac Activation Assay Kit or Rho Assay Reagent (Rhotekin RBD, agarose; Millipore). Western blotting of samples used anti-Rac1 (clone 23A8, Millipore) or anti-RhoA antibody (26C4, Santa Cruz Biotechnology).
Protein extraction, electrophoresis, and Western blot analysis. Protein was extracted from cells using 1Â radioimmunoprecipitation assay lysis buffer (Santa Cruz Biotechnology), subjected to SDS-PAGE, and transferred to Immobilon-FL membrane (Millipore). Primary antibodies were used to detect specific protein and h-actin (see Cells and Reagents). Secondary antibodies were labeled with either IRDye700 or IRDye800 for detection with an Odyssey IR imaging system (LI-COR Biosciences).
RNA interference and stable cell lines. MDA-MB-231 cells were transfected with pRs plasmids encoding RGS4-specific shRNA (OriGene Technologies, TI339326) or control GFP-targeted shRNA. Transfected cells were selected with puromycin (1 Ag/mL) for 3 wk. Surviving transfected cells were verified for silencing of endogenous RGS4 by Western blot analysis. Stable MDA-MB-231 cell lines were established by a standard protocol using Lipofectamine 2000 (Invitrogen). Transfected cells were selected with G-418 (400 Ag/mL) for 2 wk. Positive clones were selected and verified by Western blotting for COOH-terminal HA-tagged RGS4 or RGS4-N128A protein expression.
Cell invasion and migration assays. Matrigel invasion assays were performed at 37jC for 5 h using 24-well Transwell inserts (Corning) coated with 30 Ag of Matrigel (BD Biosciences; ref. 9). Cells (50,000) suspended in 200 AL serum-free medium were seeded into the upper chamber and 600 AL chemoattractants in the lower chamber. Cells that migrated and invaded through the membrane were counted and normalized relative to 10,000 seeded cells. Transwell cell migration assays were performed similarly without Matrigel. Conditioned medium (CM) from NIH-3T3 mouse embryonic fibroblasts (ATCC) was collected (9) and used as a chemoattractant. To study the effect of RGS4 on the PAR1, CXCR4, or EGF receptor-dependent cell migration, the insert membrane was precoated with fibronectin (2 Ag/mL). PAR1 agonist TFLLR, CXCR4 agonist CXCL12, or EGF was used as the chemoattractant. Cell migration was also examined by an in vitro wound-healing assay (24) .
In vitro cell growth assay and orthotopic mammary fat pad model in nude mice. MDA-MB-231 cells were seeded into 24-well plates at a density of 1.5 Â 10 4 per well in DMEM plus 10% FBS for 8 d until they reached confluence, and counted every 24 h using a Coulter Counter ZM (Coulter Electronics). Results represent an average of four independent experiments in triplicate. The in vivo experiments were performed using 6-wk-old athymic nude female mice (Charles River) following a protocol approved by the Creighton University Institutional Animal Care and Use Committee. MDA-MB-231 cells stably transfected with empty vector, RGS4, or RGS4-N128A mutant were injected into an inguinal mammary fat pad (5 Â 10 6 cells in 100 AL Matrigel, 12 mg/mL). Tumor dimensions were measured twice per week using a digital caliper and tumor volume was calculated using the ellipsoid formula. Primary tumors with adherent tissue were excised, fixed in 10% formalin/PBS, and embedded in paraffin. Tissue sections (4 Am) were prepared and stained with H&E. Tumor sections (at least three per mouse) were examined by Drs. Bo Wang and Caishu Deng, certified clinical pathologists, in a blinded manner to assess tumor invasiveness.
Fluorescence microscopy. F-actin was visualized with rhodaminelabeled phalloidin. Cortactin was visualized by anticortactin antibody (Millipore) followed by FITC-conjugated secondary antibody. Lamellipodia were identified as smoothly protruding regions along the edge of the cell with perpendicular phalloidin-stained F-actin. The total cell periphery and cell periphery occupied by lamellipodia were outlined and measured in length using Image-Pro Plus. The summed length of lamellipodia was expressed as a percentage of total cell circumference (25) .
Measurement of intracellular Ca 2+ . Fura-2-loaded cells on glass coverslips were excited with light from a DeltaRAM X monochronometer (Photon Technology International). Paired fluorescent images of cells were captured by a CoolSNAP HQ2 camera on a Nikon microscope with the intracellular Ca 2+ concentration shown as the ratio of fluorescence intensities (500-nm emission) at the excitation of 340 nm compared with 380 nm. Data are averages of 50 cells.
Statistical analysis. Results are the mean F SE of at least three determinations and statistical comparisons used a Student's t test or the two-way ANOVA with a Bonferroni correction where there were multiple comparisons. A probability (P) value of <0.05 was considered significant.
Results
RGS4 selectively inhibits breast cancer cell migration. We first examined transient expression (f50% transfection efficiency) of seven HA-tagged RGS proteins, representing four subgroups of the mammalian RGS gene family (13) , on migration of metastatic breast cancer MDA-MB-231 cells. The chemoattractant was NIH-3T3 fibroblast conditioned medium (CM), widely used in in vitro cancer metastasis assays (26) . Although expression of RGS4 protein (lane 3 of Fig. 1A, inset) was similar to other RGS proteins, only RGS4 caused significant inhibition of MDA-MB-231 cell migration (40%, Fig. 1A ).
GAP activity is required for RGS4 to inhibit breast cancer cell migration and invasion. We next determined whether this inhibitory effect of RGS4 was due to deactivation of G-proteins through its GAP activity. Stable MDA-MB-231 cell clones expressing either RGS4 or a GAP-deficient RGS4-N128A mutant (27) were generated. All three of the RGS4-expressing clones had reduced cell migration compared with control cells or cells expressing RGS4-N128A (Supplementary Fig. S1 ). We chose control (vector) clone 1, RGS4-N128A clone 36, and RGS4 clone 8 for further study. Although the expression level of RGS4-N128A was similar to that of RGS4 (Fig. 1B, inset) , expression of RGS4 decreased migration and invasion by 75% and 85%, respectively, whereas expression of RGS4-N128A caused only a 14% reduction (Fig. 1B) . Those results suggest that RGS4 is more potent than its GAP-deficient mutant in MDA-MB-231 cells and were further supported by data from a woundhealing assay (Supplementary Fig. S1C) . A similar dependence on GAP activity was seen in metastatic breast cancer MDA-MB-436 cells when RGS4 or RGS4-N128A was transiently expressed (f50% transfection efficiency; Fig. 1C ).
RGS4 inhibits tumor growth and suppresses tumor invasiveness in nude mice. We compared the growth characteristics of MDA-MB-231 control cells and cells stably expressing RGS4 or its N128A mutant in culture and in vivo. Under identical culture conditions, these cell variants exhibited similar growth rates, with doubling times of 30.1 F 2.1, 29.6 F 2.4, and 29.2 F 2.6 hours for control, RGS4, and RGS4-N128A-expressing cells, respectively ( Fig. 2A) . However, whereas control MDA-MB-231 cells and RGS4-N128A cells implanted in the mammary fat pad of nude mice tended to produce tumors of similar sizes over time, tumors derived from RGS4 cells grew more slowly (Fig. 2B ) but with similar tumor incidence (Fig. 2B, inset) . Approximately half of the tumors derived from control cells and RGS4-N128A cells, but none from RGS4 cells, also had grossly apparent skeletal muscle invasion when harvested (Fig. 2B, inset) . Figure 2C shows representative images of orthotopic tumors. The tumors were masses composed of pleomorphic neoplastic cells with patchy areas of tumor necrosis. In control cell tumors (Fig. 2Ca, b) , the borders of the tumor (T) had infiltrated into the surrounding mammary fibroadipose tissue (F) and skeletal muscle (M; see arrows in Fig. 2Ca, b, respectively) . Tumors derived from RGS4-N128A cells exhibit the same morphology and histopathology as the control tumors (Fig. 2Cc, d ) with both mammary fat pad and skeletal muscle invasion. However, tumors derived from cells expressing RGS4 were quite different. In all instances, they formed a welldemarcated tumor mass (see asterisks, Fig. 2Ce, f ) that was easily dissected free of the abdominal skeletal muscle.
RGS4 blocks lamellipodia formation by inhibiting Rac1 activation in breast cancer cells. GPCR activation triggers actin cytoskeleton reorganization to form lamellipodia (28), the flattened F-actin-rich leading edge of migrating cells (21) . Interestingly, RGS4, but not RGS4-N128A, inhibited NIH-3T3 CM-induced lamellipodia formation (Fig. 3A, B) and translocation of cortactin from cytosol to lamellipodia in MDA-MB-231 cells (Fig. 3A) . These processes are regulated by active Rac, a member of the Rho family of GTPases (29) , previously implicated in breast cancer metastasis (30) . Therefore, we examined effects of RGS4 on Rac activities in breast cancer cells.
MDA-MB-231 cells stably expressing RGS4 had significantly lower levels of activated GTP-bound Rac1 when compared with control cells or cells expressing RGS4-N128A (Fig. 3C) . In contrast, little difference was observed in the activity of RhoA, another member of the Rho family (Fig. 3C) . Interestingly, 100 Amol/L NSC23766, a widely used concentration to block Rac1 activation (31), also reduced MDA-MB-231 cell migration and invasion by more than 80% and 70%, respectively, whereas cell-permeable C3 transferase, a Rho inhibitor (32), only caused 25% inhibition ( Supplementary Fig. S2 ).
RGS4 inhibits migration of breast cancer cells by attenuating G i -coupled receptor-mediated signal transduction. Figure 4A shows that pretreatment of MDA-MB-231 cells with PAR1 peptide antagonist BMS-200261 (50 Amol/L) inhibited NIH-3T3 CM-induced cell migration and invasion by more than 70%. A PAR1 nonpeptide antagonist, SCH79797, also dose-dependently blocked CM-induced cell migration with maximum inhibition of 80% (IC 50 = 185 F 45 nmol/L, inset). These results are consistent with a previous report showing the importance of PAR1 activation in breast cancer metastasis (9) . Activated PAR1 couples to G i , G q , and/or G 12/13 families of G-proteins (33) . We found that the G i inhibitor pertussis toxin blocked CM-stimulated MDA-MB-231 cell migration and invasion by 45% and 60%, respectively. Our data suggest that NIH-3T3 CM induces breast cancer cell migration and invasion through activation of PAR1 in a G i -dependent manner. Therefore, we investigated RGS4-mediated regulation of a PAR1-dependent increase in intracellular Ca 2+ in MDA-MB-231 cells.
Figure 4B (top) shows that the PAR1 agonist TFLLR (25 Amol/L) caused a transient increase in intracellular Ca 2+ in MDA-MB-231 cells that was inhibited by 1 Amol/L SCH79797 or pertussis toxin, indicating a G i -coupled PAR1-dependent response. Stable expression of RGS4 reduced the PAR1-stimulated Ca 2+ peak by more than 50%, whereas RGS4-N128A only attenuated the Ca 2+ response by 10% (Fig. 4B, bottom) when PAR1 protein levels were similar (Fig. 4B, inset) .
TFLLR also induced lamellipodia formation (Fig. 4C ) and caused a 3-fold increase in MDA-MB-231 cell migration (Fig. 4D) , which was largely blocked by pertussis toxin. Stable expression of RGS4, but not RGS4-N128A, significantly attenuated TFLLR-induced lamellipodia formation and migration of MDA-MB-231 cells (Fig. 4C, D) .
CXCR4 plays an important role in breast cancer metastasis (34, 35) and initiates signaling through G i proteins when its ligand, CXCL12, is bound (36) . Indeed, CXCL12 induced lamellipodia formation (Fig. 4C) and increased MDA-MB-231 cell migration by 2.3-fold (Fig. 4D) in a G i -dependent manner. As expected, CXCL12-stimulated responses were blocked by RGS4 but not RGS4-N128A. In contrast, EGF-stimulated lamellipodia formation and migration of MDA-MB-231 cells, processes not dependent on G-proteins, were not affected by pertussis toxin and RGS4 (Fig. 4C and D) . Thus, RGS4 functions as a specific regulator of signals initiated by at least two metastasis-associated G i -coupled receptors.
Reduced RGS4 protein levels in human breast carcinomas. We performed immunohistochemical analysis of RGS4 protein levels in human breast cancer specimens using a well-characterized RGS4-specific antibody (37) . In benign breast tissue, RGS4 staining was dense and localized predominantly in luminal epithelial cells (Fig. 5Aa) , which was completely blocked by preincubation of the antibody with purified recombinant RGS4 (Fig. 5Ab ). There was a small reduction in RGS4 staining in noninvasive ductal carcinoma in situ (Fig. 5Ac) . In contrast, immunostaining of RGS4 protein was markedly decreased in invasive breast carcinoma (Fig. 5Ad, e) and metastases to regional lymph nodes (Fig. 5Af ) . Average H-scores (23) , an index of RGS4 protein levels in tissues from nine breast cancer patients, are shown in Fig. 5B . The H-score of invasive breast carcinoma and lymph node metastases was statistically significantly reduced by 50% to 60% compared with nearby cells of benign breast tissue, but was only 13% lower in noninvasive ductal carcinoma in situ. These data show down-regulation of RGS4 protein in human breast cancer, which is proportional to the degree of invasiveness of these cancers.
Loss of RGS4 in metastatic breast cancer cells is due to proteasome degradation. RGS4 protein levels were much lower in metastatic MDA-MB-231 cells compared with immortalized human breast epithelial MCF-10A cells and nonmetastatic MCF-7 cells (Fig. 6A, inset) . However, this reduction was not due to silencing of the RGS4 gene because RGS4 mRNA levels were increased by 1,900-fold in MDA-MB-231 cells (Fig. 6A) . RGS4 is susceptible to degradation by the proteasome pathway (38) . Accordingly, as shown in Supplementary Fig. S3A , RGS4 protein levels were significantly increased when MDA-MB-231 cells were exposed to proteasomal inhibitors MG132 or PSI, but not to the lysosomal inhibitor chloroquine (left). In contrast, RGS4 protein levels in MCF-10A cells were not influenced by these inhibitors (right). MG132 had no effect on endogenous levels of Ga q protein and inhibition of protein synthesis by cycloheximide abolished MG132-induced accumulation of RGS4 (Fig. 6B, inset) . These results show that RGS4 levels are regulated by proteasome degradation. Interestingly, we found that COOH-terminal HA-tagged RGS4 is more stable than untagged or NH 2 -terminal HA-tagged protein when expressed in metastatic breast cancer cells (data not shown).
Proteasome blockade inhibits breast cancer cell migration and invasion. The MG132-induced increase of endogenous RGS4 protein was associated with inhibition of cell migration and invasion by more than 85% and 70% (Fig. 6B) , respectively, without any significant effect on cell viability as assessed by trypan blue exclusion (data not shown). Cycloheximide alone inhibited cell migration and invasion by 50%, but adding MG132 did not cause additional inhibition when RGS4 protein synthesis was blocked by cycloheximide. Similarly, MG132 increased RGS4 levels 6-fold in MDA-MB-436 cells (Fig. 6C, inset) , and blocked cell migration and invasion by 70% (Fig. 6C) . Cycloheximide markedly attenuated the MG132 effects on RGS4 degradation, cell migration, and invasion (Fig. 6C, inset) . However, MG132 had little effect on RGS4 protein level and migration of MCF-10A cells (Supplementary Fig. S3 ).
Silencing endogenous RGS4 expression prevents proteasome blockade-induced inhibition of breast cancer cell migration and invasion. Expression of RGS4-targeted shRNA reduced endogenous RGS4 protein to undetectable levels in the absence of MG132 and to f30% of that in cells expressing a control GFP shRNA in the presence of MG132 (Fig. 6D, top) . In the Figure 5 . Reduction of RGS4 protein in human breast carcinomas. A, sections of breast tissue stained for RGS4 protein with anti-RGS4 antibody. Scale bar, 50 Am. a, benign breast tissue; b, benign breast tissue with antibody preblocked by RGS4 protein; c, ductal carcinoma in situ ; d and e, invasive carcinoma; f, breast cancer metastasis in lymph nodes. B, RGS4 protein levels in human breast tissues (n = 9 patients) determined by H-score analysis of immunohistochemically stained tissue sections. Columns, mean; bars, SD. *, P < 0.05 and **, P < 0.001 compared with nearby benign breast tissue by paired t test.
absence of MG132, migration and invasion of cells expressing RGS4 shRNA were 30% higher than control cells (Fig. 6D, bottom) , suggesting that, despite rapid degradation, residual endogenous RGS4 still plays a regulatory role. Silencing RGS4 reduced the MG132-induced inhibition of cell migration and invasion from more than 85% to 35%. Thus, our results show that the inhibitory effect of MG132 on cell migration and invasion is largely dependent on increased endogenous RGS4 protein.
Discussion
RGS4 can markedly inhibit G i -and G q -coupled GPCR signaling through its GAP activity (39) and has regulatory roles in the cardiovascular (16) and central nervous systems (14) . Our data show that increases or decreases in RGS4 protein with GAP activity cause corresponding decreases or increases in migration and invasion of breast cancer cells. Orthotopic tumors in nude mice from breast cancer cells expressing RGS4, but not its GAP-deficient mutant, had slower growth and a noninvasive phenotype. Moreover, our data show that the molecular basis of the RGS4 action on breast cancer invasiveness involves blocking Rac1 activation, which disrupts lamellipodia formation. Our results are consistent with a previous study showing that RGS4 overexpression blocked migration of endothelial cells to form new blood vessels (40) , another important step during cancer metastasis. Furthermore, the GAP-deficient RGS4 mutant failed to inhibit metastatic abilities of breast cancer cells in vitro and in vivo, suggesting that attenuating GPCR signaling by deactivating G-proteins accounts for the action of RGS4 to suppress breast cancer metastasis. Many GPCRs, including PAR1 and CXCR4, are excessively activated in breast cancer cells (3) . We found that activation of PAR1 or CXCR4 can stimulate lamellipodia formation, thus promoting breast cancer cell migration in a G i -dependent manner. RGS4 specifically attenuates PAR1-and CXCR4-dependent signaling by deactivating G i -protein through its GAP activity. In contrast, EGF-dependent lamellipodia formation and cell migration were not affected by RGS4. Interestingly, activation of other G i -coupled GPCRs, including the type 1 lysophosphatidic acid receptor, also promotes breast cancer metastasis (41) . Therefore, our data may provide a unifying molecular mechanism by which RGS4 suppresses breast cancer metastasis and a therapeutic rationale for increasing levels of RGS4 in breast cancer cells.
Indeed, we found an inverse correlation between expression levels of RGS4 protein in human breast cancer cell lines and their generally accepted metastatic capability. More importantly, our studies using human breast cancer specimens showed a progressive loss of RGS4 protein from benign breast tissues to noninvasive ductal carcinoma in situ, to invasive breast carcinoma. In contrast, there was no significant difference in RGS4 protein levels between invasive breast carcinoma and breast cancer that had metastasized to a lymph node. These results suggest that decreased RGS4 protein may be an early event in development of an invasive phenotype of breast cancer. Currently, a larger study of breast cancer specimens with known clinical outcomes is in progress to determine if RGS4 protein down-regulation correlates with specific clinicopathologic features.
Holland and colleagues (35) recently showed that increased expression of GPCRs such as CXCR4 may not be adequate for breast cancer cells to acquire metastatic potential. Instead, they propose that loss of the tight regulation of GPCR signaling may play a more important role in the transition from nonmetastatic to malignant tumors. Our finding that RGS4 protein, an inhibitor of many GPCRs, is down-regulated in metastatic breast cancer cells provides a mechanism for those previous observations. Thus, identifying the mechanism underlying RGS4 down-regulation should provide an effective, alternative strategy for invasive breast cancer treatment.
Alterations in RGS4 gene transcription have been previously identified in other cancers, including gliomas (42), ovarian cancer (43) , and pancreatic cancer (44) ; however, protein levels and/or functions of endogenous RGS4 were not examined. In fact, our data show a complete lack of correlation between RGS4 mRNA and protein in metastatic breast cancer cells due to rapid degradation through proteasomes. RGS4 is not intrinsically unstable, but is made unstable by N-arginylation at the oxidized Cys-2 residue through a nonribosomal arginine-transferase and then degraded by the proteasome pathway (45) . Our findings point to the existence of this posttranslational regulation of RGS4 function in breast cancer cells, which may have important implications for acquisition of a metastatic phenotype. Interestingly, proteasome activity is often elevated in breast cancers (46) . Proteasome inhibitors have some efficacy in breast cancer treatment (47, 48) , but they may require combination with other antitumor therapies (49) . Preventing RGS4 degradation by inhibiting proteasome activity should retard the spread of migrating and invading breast cancer cells, making them better targets for surgery, radiation, and immune treatments. Thus, our discovery provides a rationale for designing new combinations of drug therapies for breast cancer.
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